Abstract. Increasing evidence indicates that cancer stem cells have essential roles in tumor initiation, progression, metastasis and resistance to chemo-radiation. Recent research has pointed out biological importance of microRNAs in cancer stem cell dysregulation. Total number of mature microRNAs in human genome increased to more than 2,500 with the recent up-date of the database. However, currently no information is available regarding microRNA expression profiles of cancer stem cells in head and neck squamous cell carcinoma (HNSCC). Increased ALDH1 activity has been demonstrated as a reliable marker for isolation of cancer stem cells. Therefore, we evaluated the microRNA expression profile of ALDH1-high subpopulations in the HNSCC cell lines UTSCC-9 and UTSCC-90. Initially, we examined cancer stem cell properties of ALDH1-high subpopulations in both cell lines. We analyzed expression of stemness markers, sphere formation capacity and xenograft transplantation into NOD/SCID mice. Our findings validated that ALDH1-high subpopulations showed significantly increased tumor-initiating ability. Furthermore, we investigated the microRNA expression profile of HNSCC stem cells using microRNA array and confirmed the results by quantitative real-time PCR. We found that expressions of miR-424, let-7a, miR-6836, miR-6873 and miR-7152 were downregulated, whereas miR-147b was upregulated with statistical significance in the ALDH1-high subpopulation. In conclusion, we identified a subset of microRNAs that were differentially expressed in ALDH1-high subpopulation, providing new microRNA targets to study dysregulation of HNSCC-initiating cells and develop therapeutic strategies aimed at eradicating the tumorigenic stem cells in HNSCC.
Introduction
Head and neck squamous cell carcinoma (HNSCC) originates from mucosal epithelial lining of the upper aerodigestive tract. The incidence of the disease has gradually increased over the last three decades, especially associated with HPV infection (1) . A typical case presents at an advanced stage as a metastatic cancer, which accounts for the poor mortality rate. Despite the progress in methodology and clinical efficacy of radiotherapy, chemotherapy and surgical approaches up to 50% of patients who die from HNSCC have local or regional recurrence (2) . Detailed molecular characterization of HNSCC tumors might help to identify subpopulations for appropriate therapeutic modalities and lead to improvement of the prognosis.
Evidence from xenotransplantation studies revealed that only a small subpopulation in cancer cells has the driving force of cancer growth. Those cells responsible for tumor initiation, carcinogenesis, progression, and metastasis defined to be tumor-initiating cells or cancer stem cells (CSC) (3) . In addition, CSCs also possess significant resistance to chemotherapy and radiotherapy (4, 5) . CSCs have been isolated in several types of epithelial cancers including HNSCC (6) . Thus, studies on CSCs may provide clues for improvement of prognosis associated with development of metastases and therapy-resistant local and regional recurrences in HNSCC.
There are a number of methods for isolating and characterizing cancer stem cells, mostly based on fluorescence-activated cell sorting (FACS). Expression of cell surface markers such as CD44, CD133 or drug-detoxifying surface transporter proteins has been used commonly in CSC isolation. However, xenotransplantation study is the gold standard for verification of CSC property, as tumor initiation ability of the isolated cells is evaluated in NOD/SCID mice through serial dilutions (7) . Moreover, Aldefluor assay has been developed to isolate CSCs based on aldehyde dehydrogenase 1 (ALDH1) activity (8 Aldefluor assay has been found to show higher sensitivity in isolation of CSCs as compared to the expression of cell surface marker, CD44 (9, 10) . microRNAs (miRNAs) are small non-protein coding RNA molecules, which act to regulate gene expression by post-transcriptional interactions with mRNA. miRNAs are assumed to regulate more than one-third of all genes related with various physiological and pathological processes including carcinogenesis (11) . In our previous study, we showed the role of miRNA-200 family in epithelial-mesenchymal-transition, migration and invasion ability of HNSCC (12) . moreover, recent research has indicated the biological importance of miRNAs in CSC dysregulation (13) .
In human genome, so far >2,500 mature miRNAs are described according to latest release of miRNA database, miRBase 21 (14) . However, currently no data exist concerning miRNA expression profiles of cancer stem cells in HNSCC. Thus, the identification of cancer stem cell-related miRNAs would provide valuable information for a better understanding of cancer stem cell properties and the molecular pathways of oncogenesis.
In the present study, we isolated a subpopulation of HNSCC cells with increased ALDH1 activity and verified their CSC properties in vitro and in vivo conditions. moreover, we performed microRNA profile analysis to further explore the characteristics and to uncover microRNAs that may serve as novel therapeutic targets in HNSCC.
Materials and methods
Ethics statement. Experimental mice were maintained in accordance with the guidelines, and approval of the Institutional Animal Care and Use Committee of Wakayama medical University (permit number: 672). Any animal found unhealthy or sick were promptly euthanized.
Cell lines and cultures. UTSCC-9 and UTSCC-90 cell lines (15, 16) were kindly provided by Dr R. Grenman (Department of Otolaryngology, Turku University, Finland). UTSCC cells were grown in RPmI-1640 medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin and 1 µl/ml amphotericin B (Gibco™, Invitrogen, Japan), and all cell lines were cultured in a humidified incubator with 5% CO 2 at 37˚C. UTSCC-9 and UTSCC-90 cell lines were established from squamous cell carcinoma of laryngeal carcinoma and tongue carcinoma, respectively.
Aldefluor assay and fluorescence-activated cell sorting (FACS).
We used an Aldefluor assay kit (Stem Cell Technologies™, Vancouver, Canada) to determine ALDH1 activity of cells according to the manufacturer's protocol. Cells were suspended in Aldefluor assay buffer containing 1 µmol/l per 1x10 6 cells of the ALDH substrate, boron-dipyrrometheneaminoacetaldehyde (BAAA), and incubated for 45 min at 37˚C. Each sample was treated with 45 mmol/l of an ALDH-specific inhibitor, diethylaminobenzaldehyde (DEAB), as a negative control. Stained cells were analyzed by BD FACSAria I™ (BD Biosciences, San Jose, CA, USA). Cells were stained with 1 µg/ml of propidium iodide to evaluate their viability prior to analysis. The brightly fluorescent ALDH1-expressing cells (ALDH1 high ) were detected in the green fluorescence channel (520-540 nm).
Xenograft transplantation. ALDH1
high and ALDH1 low cells were isolated by FACS and resuspended at 5.0x10 3 cells in 100 µl PBS and matrigel (BD Biosciences) mixture (1:1). Then each mixture was injected subcutaneously into the right/left middle back areas of 6-week-old female non-obese diabetic/severe combined immune-deficiency (NOD/SCID) mice (NOD/ShiJic-scid Jcl, Clea-Japan, Tokyo, Japan) under inhalation anesthesia by isoflurane. Tumor initiation and progression were observed weekly and external tumor volume was calculated as 0.5 x Dmax x (Dmin) 2 [mm 3 ] (Dmax:long axis, Dmin:short axis of mass).
Sphere formation assay. ALDH1 high and ALDH1 low cells were isolated by FACS and then cultured in 6-well ultra-low attachment surface dishes (Corning, Tewksbury, mA, USA) at 5,000 cells per well. The cells were cultured in stem-cell medium, serum-free DmEm/F12 (Life Technologies) supplemented with N-2 supplement (Life Technologies), 10 ng/ml recombinant human epithelial growth factor (R&D Systems, minneapolis, mN, USA), 10 ng/ml human basic fibroblast growth factor (R&D Systems). morphological change was observed daily under a light microscope for 28 days. Round cell clusters >100 µm were judged as spheres.
mRNA processing and quantitative real-time PCR. Preparation of cDNA from mRNA was performed directly from cultured cell lysate using the Taqman ® Gene Expression Cells-to-CT™ kit (Ambion, Japan), according to the manufacturer's instructions. Cell lysate were reverse transcribed to cDNA using the Reverse Transcription (RT) Enzyme mix and appropriate RT buffer (Ambion). Finally the cDNA was amplified by quantitative real-time PCR (qRT-PCR) using the included Taqman Gene Expression Master Mix and the specific TaqMan primer/ probe assay designed for the investigated genes: ALDH1A1 (Hs00946916_m1), NANOG (Hs02387400_g1), OCT4 (Hs03005111_g1), SOX2 (Hs01053049_s1) and GAPDH (Hs99999905_m1), (Applied Biosystems, Tokyo, Japan).
The gene expression levels were normalized to the expression of the housekeeping gene GAPDH and were expressed as fold changes relative to the expression of the untreated cells. The amplification profile was initiated by 10-min incubation at 95˚C, followed by two-step amplification of 15 sec at 95˚C and 60 sec at 60˚C for 40 cycles. All experiments were performed including non-template controls to exclude contamination of the reagents. Quantification was done with the delta/delta Ct calculation method (17) . Each sample was analyzed in triplicate on the 7500 Real-Time PCR system in a 96-well plate (Applied Biosystems).
MicroRNA processing and qRT-PCR. Preparation of cDNA from microRNA was also performed directly from cultured cell lysate using the Taqman ® microRNA Cells-to-CT™ kits (Ambion) according to the manufacturer's instructions. Cell lysate was reverse transcribed to cDNA using the RT Enzyme mix, RT buffer and appropriate RT primer (Applied Biosystems). Finally the cDNA of each mature microRNA was amplified separately by qRT-PCR using the Taqman Universal master mix and the specific primer and probe mix included in predesigned Taqman microRNA assays: hsa-miR-424; ID: 000604, hsa-miR-4730; ID: 462061_mat, hsa-miR-6836-5p; ID: 467207_mat, hsa-miR-6873-5p; ID: 467097_mat, hsa-miR-7152-3; ID: 466958_mat, hsa-hsa-let-7a; ID: 000377, hsa-miR-147b; ID: 002262, hsa-miR-3622a-3p; ID: 464955_mat, hsa-miR-miR-1976; ID: 121207_mat (Applied Biosystems). Calculation of microRNA expression was performed with the same method as described above and for normalization RNU6B RNA (RNU6B; ID: 001093, P/N: 4373381, Applied Biosystems) was used as internal control. Each sample was analyzed in triplicate.
Total RNA extraction and microarray profiling of miRNAs. Total RNA was isolated and purified from cell lines using miRNeasy mini kit (Qiagen, Tokyo, Japan) as recommended by the manufacturer. RNA yield and quality was determined using the Agilent RNA 6000 Nano kit and Agilent 2100 Bioanalyzer (Agilent Technologies, Inc.). For all samples RNA integrity number (RIN) was >7.
Affymetrix GeneChip miRNA 4.0 array were used for miRNA profiling. Total RNA (1 µg per sample) was labeled using the FlashTag™ Biotin HSR RNA Labeling kit (Affymetrix, Inc., USA) as described by the manufacturer. The samples were hybridized on GeneChip miRNA 4.0 arrays (Affymetrix, Inc.) for 18 h at 48˚C. Arrays were washed to remove non-specifically bound nucleic acids and stained on Fluidics Station 450 (Affymetrix, Inc.) and then scanned on GeneChip Scanner 3000 7G system (Affymetrix, Inc.). Finally, microarray Data Analysis Tool version 3.2 (Filgen, Inc., Japan) was used as described in the manufacturer's instructions for all subsequent data analysis.
Statistical analysis. Data were analyzed with GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA). To evaluate significant differences between two matched pair groups or between two independent groups of samples, paired t-tests and non-paired t-tests were used, respectively. Pearson's correlation coefficient (r) was used to measure correlation, and logarithmic regression was used to calculate the R2 and to create the equation of the slope.
Results

Isolation of ALDH1
high cells from HNSCC cell lines. ALDH1 activity is demonstrated to be a reliable marker for the isolation of cancer stem cells in several cancers including HNSCC (10). We analyzed ALDH activity by Aldefluor assay in two human HNSCC cell lines (UTSCC-9 and UTSCC-90). Cancer cells were sorted and isolated into two subpopulations as ALDH1 high (ALDH1 high ) and low (ALDH1 low ) by flow cytometry. Proportion of ALDH1 high cells was found to be 12.3 and 10.3% for UTSCC-9 and UTSCC-90 cells, respectively (Fig. 1) . These results were also confirmed by quantitative real-time PCR (qPCR) analysis. mRNA expression of ALDH1 was significantly higher in ALDH1 high cells as compared to ALDH1 low in both UTSCC-9 and UTSCC-90 cells (Fig. 2) .
Characterization of ALDH1
high cells. To analyze whether ALDH1 high cells represent the CSC population of HNSCC, several characteristics related to stem cell were evaluated and compared between ALDH1 high and ALDH1 low portions both for UTSCC-9 and UTSCC-90 cells.
First, the expression levels of stem cell markers including SOX2, Nanog and Oct4 were investigated by qPCR. The ALDH1 high population of both HNSCC cell lines demonstrated increased expression levels of SOX2, Nanog and Oct4 as compared to ALDH1 low cells with statistical significance (Fig. 2) . The results were reproduced in three independent experiments. These results verified that ALDH1 high cells derived from each cell line has similar genetic properties with CSCs.
CSCs are known to be able to grow in floating culture conditions as non-adherent, three-dimensional sphere clusters (spheres) (18) . Therefore, sphere formation ability of
ALDH1
high population was compared with ALDH1 low and unsorted parent cells of UTSCC-9 and UTSCC-90. Sorted 5x10 3 cells per well were incubated into a 6-well plate in an anchorage-independent environment. The sphere formation assays were repeated in three independent experiments. Total number of spheres per well were counted after 28 days, and used to calculate the mean number of spheres. ALDH1 high cells derived from UTSCC-9 cells exhibited significantly increased sphere formation efficiency compared to ALDH1 low cells (P<0.01). Similar results were obtained also for UTSCC-90 cells (P<0.01) (Fig. 3) .
Increased tumorigenicity of ALDH1
high cells. To address the in vivo tumorigenicity of ALDH1 high and ALDH1 low cells, xeno- graft transplantation was performed into four NOD/SCID mice for each cell line group (UTSCC-9 and UTSCC-90). Sorted 5x10 3 cells from ALDH1 high and ALDH1 low cells were injected simultaneously into the subcutaneous region of right and left back sites for each NOD/SCID mice, respectively. One mouse in UTSCC-9 group died in the third week without any tumor detection. In UTSCC-90 group, ALDH1 high cells produced tumors in all four mice, while ALDH1 low cells did not produce any tumor. Similarly, tumor formation was observed in 2 of the 3 mice for ALDH1 high cells, whereas no tumor occurred in sites injected with ALDH1 low cells in UTSCC-9 group (Fig. 4A  and C) . The histology of tumors formed in NOD/SCID mice was verified to be squamous cell carcinoma (Fig. 4B) By using stringent significance criteria of a ≥2-fold difference in expression level and P<0.05, we identified that nine miRNAs were differentially expressed between ALDH1 high and ALDH1 low subpopulations (Fig. 5) . In ALDH1 high cells, six out of nine miRNAs, including miR-424, let-7a, miR-4730, miR-6836, miR-6873, miR-7152 were significantly downregulated, while three miRNAs including miR-147b, miR-3622a-3p and miR-1976 were significantly upregulated.
Validation of microarray results by qPCR.
To validate the microarray results, qPCR was performed with nine miRNAs that exhibited >2-fold change in expression. In agreement with the microarray results, expression of miR-424, let-7a, miR-6836, miR-6873 and miR-7152 were downregulated, whereas miR-147b was upregulated with statistical significance in the ALDH1 high subpopulation (Fig. 6) . Thus, the miRNA expression profiles of the cancer stem cells in HNSCC were confirmed by qPCR.
Discussion
In the present study, we found that the subpopulation of HNSCC cells with increased ALDH1 activity (ALDH1 high ) represent cancer stem cells of HNSCC. Furthermore, we also revealed that ALDH1
high HNSCC cells had a distinct microRNA expression profile as compared to ALDH1 low cells. These findings might contribute to understanding miRNAdriven pathways related to the tumor-initiating capability of HNSCC.
Initially, we tested whether ALDH1 high subpopulations of two HNSCC cell lines, UTSCC-9 and UTSCC-90, have cancer stemness properties. We isolated ALDH1 high subpopulation by FACS and evaluated their stem cell features under in vitro and in vivo conditions. Results of our experiments including expression of stem cell markers (stemness-related genes), sphere formation capacity and xenograft transplantation into NOD/SCID mice supplied evidence that increased ALDH1 activity in HNSCC presents a subpopulation with high tumorinitiating ability.
Several types of approaches have been reported to isolate CSC fraction of cancer cells (19) . CD44 is the first and most widely used cell surface biomarker to identify CSC in HNSCC (6) . However, validity of CD44 has been questioned recently, since it is abundantly expressed in carcinoma cells and normal epithelium of head and neck region (20, 21) . Furthermore, Clay et al proposed a new hypothesis on the relation of CD44 and ALDH1 with the cancer stem cell compartment in HNSCC. They suggest that ALDH-high subpopulation of HNSCC cells comprise only a minor fraction among the CD44 + cells, whereas more efficiently represent the CSC subpopulation itself (10) . Recently, other reports also demonstrated ALDH1 expression as a reliable method to identify CSC in various epithelial cancers and HNSCC (9, 22) . Our observations are consistent with previous data on the role of ALDH1 as a promising marker for identification of CSC.
Recently several studies have pointed out the essential role of miRNAs in regulation of CSCs in etiology and progression of various cancers including HNSCC (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Total number of human mature microRNAs has increased remarkably from 1,105 to 2,578 according to the miRBase database in the last 5 years (14) . However, only a limited number of studies have been reported on microRNA expression profiles of cancer stem cells in a few types of cancers (23, 24) . Additionally, almost all of them were designed according to the previous and narrower version of probe entries. Accordingly, any miRNA signature has not been evaluated in HNSCC yet. Only one recent report, evaluated the relation of miRNAs with the radiosensitivity in laryngeal cancer stem cells represented by CD133 + sphere forming subpopulations (25) . They studied the alterations of miRNAs before and after radiotherapy exposure in only one cell line, whereas expression profile of miRNAs specific to cancer stem cell itself was not investigated.
In the next step, we evaluated microRNA expression profile of ALDH1 high HNSCC cells. The results of microarray analysis in the cell lines of HNSCC showed that nine miRNAs were differentially expressed in ALDH1 high HNSCC cells compared to ALDH1 low cells. Among them, decreased expression of miR-424, let-7a, miR-4730, miR-6836, miR-6873, miR-7152 and overexpression of miR-147 were confirmed by qPCR assay, confirming the array results. This miRNA expression profile indicates stemness characteristics of HNSCC. Thus, miRNA regulation is intricately related to distinctive features and the biological performance of HNSCC cancer stem cells. By defining miRNAs related to the characteristics of HNSCC stem cells, we will be able to further clarify the regulatory pathway and gain insight into the features of these cancers.
Concerning miRNAs differentially expressed in our ALDH1 high cells, there is no data currently in the literature on the function of four miRNAs (miR-4730, miR-6836, miR-6873 and miR-7152). This is due to the fact that these are novel miRNAs revealed by just the recent version of miRBase 20 (14) . On the other hand, the role of miR-424, let-7a and miR-147 in carcinogenesis has been described by several studies.
miR-424 has been found to be downregulated in various type of cancers and it is proposed to act as a tumor suppressor in carcinogenesis (26, 27) . Our data are the first on the expression status of miR-424 in HNSCC, while its downregulation was also observed in squamous cell carcinoma of the cervical region (28) . miR-424 is predicted, by TargetScan, to target many mRNAs and recent studies have already validated important targets in cancer cells. miR-424 inhibits Wee1 and Chk1 related with chemo-resistance and radio-resistance in cancer cells (29) . It also targets inhibitor of beta-catenin and TCF-4 (ICAT) and leads to inhibition of epithelial-mesenchymal transition (EmT) in hepatocellular carcinoma cells (30) . Based on these findings, it is essential to clarify the role of miR-424 in regulation of CSC of HNSCC.
The let-7 family has been widely studied to have an essential function in stem cell differentiation and tumor-suppressive activity. Recently, let-7a was shown to negatively modulate the expression of stemness genes, and inhibit chemo-resistance and tumor initiating ability of ALDH1 (+) cell population in HNSCC (31) . Our findings supported the tumor suppressive role of let-7a through cancer stem cells in HNSCC.
Profiling studies demonstrated that miR-147 was significantly overexpressed in gastric cancers and tongue cancers, consistent with our findings (32, 33) , contrarily it was shown to be underexpressed in colon carcinomas (34) . Interestingly, miR-147 was also found significantly associated with chemoresistance in small cell lung cancer (35) .
The limitation of this study is the lack of functional studies to verify the potential role of those miRNAs differentially expressed in ALDH1 high HNSCC cells. As a further step, designs of loss-of-function and gain-of-function experiments are required for each miRNA to evaluate their effect on cancer stem-like phenotypes such as drug resistance and cell invasion.
In conclusion, we validated cancer stem cell properties of ALDH1 high subpopulation in HNSCC through in vivo and in vitro experiments. Furthermore, we identified a subset of miRNAs that were differentially expressed in ALDH1 high subpopulation of HNSCC. These findings may provide new microRNA targets to study dysregulation of HNSCC-initiating cells and develop therapeutic strategies aimed at eradicating the tumorigenic subpopulation of cells in HNSCC. Thus, further investigation is required to validate the role of these microRNA candidates in HNSCC.
